Background: FBXL5, the F-box protein subunit of an SCF-type ubiquitin-ligase complex, is a regulator of mammalian iron homeostasis. Results: The HECT-type E3 ligase HERC2 binds to FBXL5 and regulates its stability. Conclusion: HERC2 controls iron metabolism by promoting ubiquitin-dependent degradation of FBXL5. Significance: Our results provide new mechanistic insight into the proteolytic control of iron metabolism.
FBXL5 (F-box and leucine-rich repeat protein 5) is the F-box protein subunit of, and therefore responsible for substrate recognition by, the SCF FBXL5 ubiquitin-ligase complex, which targets iron regulatory protein 2 (IRP2) for proteasomal degradation. IRP2 plays a central role in the maintenance of cellular iron homeostasis in mammals through posttranscriptional regulation of proteins that contribute to control of the intracellular iron concentration. The FBXL5-IRP2 axis is integral to control of iron metabolism in vivo, given that mice lacking FBXL5 die during early embryogenesis as a result of unrestrained IRP2 activity and oxidative stress attributable to excessive iron accumulation. Despite its pivotal role in the control of iron homeostasis, however, little is known of the upstream regulation of FBXL5 activity. We now show that FBXL5 undergoes constitutive ubiquitin-dependent degradation at the steady state. With the use of a proteomics approach to the discovery of proteins that regulate the stability of FBXL5, we identified the large HECT-type ubiquitin ligase HERC2 (HECT and RLD domain containing E3 ubiquitin protein ligase 2) as an FBXL5-associated protein. Inhibition of the HERC2-FBXL5 interaction or depletion of endogenous HERC2 by RNA interference resulted in the stabilization of FBXL5 and a consequent increase in its abundance. Such accumulation of FBXL5 in turn led to a decrease in the intracellular content of ferrous iron. Our results thus suggest that HERC2 regulates the basal turnover of FBXL5, and that this ubiquitin-dependent degradation pathway contributes to the control of mammalian iron metabolism.
Iron is an essential nutrient for almost all living organisms, with iron deficiency resulting in the impairment of various cellular processes including oxygen transport, energy production, and DNA repair (1) . On the other hand, iron is highly reactive and can be deleterious to cells if present in excess (2) . Given that both iron deficiency and iron overload are harmful to cells, cellular iron homeostasis is subject to strict regulation (3) .
In mammalian cells, iron homeostasis is regulated through coordination of iron uptake, storage, export, and utilization (4) .
Coordinated expression of proteins mediating these processes is regulated at the posttranscriptional level by iron regulatory protein 1 (IRP1) 2 and IRP2. These two orthologous RNA-binding proteins interact with conserved cis-regulatory hairpin structures known as iron-responsive elements (IREs) during iron-limiting conditions to regulate the translation and stability of mRNAs for proteins that contribute to iron homeostasis (5) . As a consequence of these interactions, IRP1 and IRP2 increase the size of the bioavailable (ferrous, Fe 2ϩ ) iron pool during ironlimiting conditions (6) . When bioavailable iron levels are high, this activity of IRP1/2 is lost as a result of the assembly of a [4Fe-4S] cluster within IRP1 (holo-IRP1) or of the degradation of both apo-IRP1 (IRP1 without the [4Fe-4S] cluster) and IRP2 by the ubiquitin-proteasome system (7) .
The stability of apo-IRP1 and IRP2 is dependent on the action of an iron-and oxygen-regulated SCF-type ubiquitin ligase, SCF FBXL5 (8, 9) . FBXL5 (F-box and leucine-rich repeat protein 5) is a member of the F-box family of adaptor proteins that confer substrate specificity on SCF-type ubiquitin ligases (E3s), which consist of the RING-finger protein RBX1, the scaffold protein CUL1, and the adaptor protein SKP1 in addition to an F-box protein (10 -12) . Under iron-replete conditions, FBXL5 recruits apo-IRP1 and IRP2 to the SCF complex, resulting in their ubiquitylation. In contrast, under iron-limiting conditions, FBXL5 itself is targeted for ubiquitylation and degradation by the proteasome, resulting in the stabilization of apo-IRP1 and IRP2 and their interaction with IREs.
Indicative of the pivotal role of FBXL5 in the control of mammalian iron homeostasis, we have recently shown that mice lacking FBXL5 die early in embryogenesis as a result of deleterious effects of the accumulation of free iron (13) . Additional ablation of IRP2, which dominates control of iron homeostasis in vivo, rescued this embryonic mortality of FBXL5-null mice, suggesting that strict regulation of IRP2 by FBXL5 is required for the maintenance of iron homeostasis as well as for viability during development. In addition, liver-specific ablation of FBXL5 was found to result in death from acute liver failure when mice were fed a high-iron diet. The FBXL5-IRP2 axis is thus integral to control of iron metabolism in vivo. Despite recognition of its pivotal role in the regulation of iron homeostasis, however, little is known of the upstream mechanisms responsible for the control of FBXL5 activity.
A regulatory element that renders the stability of FBXL5 sensitive to iron resides within the hemerythrin-like domain at the NH 2 terminus of the protein (14) . Hemerythrin is a member of a family of iron-and oxygen-binding proteins in bacteria and invertebrates. A previous study suggested that a degron present within the hemerythrin-like domain of FBXL5 becomes preferentially accessible to an as yet unknown E3 in the absence of iron binding to the domain, resulting in ubiquitin-dependent degradation of FBXL5 under iron-limiting conditions (15) . The hemerythrin-like domain of FBXL5 is thus considered to be pivotal to the iron-dependent stability of the protein. It remains unclear how FBXL5 is regulated at the steady state, however.
We have now found that FBXL5 undergoes constitutive proteasomal degradation at the steady state, and that a mutant form of FBXL5 that lacks the hemerythrin-like domain is similarly degraded, suggesting the existence of a mechanism for regulation of FBXL5 stability that is independent of this domain. With the use of a proteomics approach, we identified the large HECT-type ubiquitin ligase HERC2 (HECT and RLD domain containing E3 ubiquitin protein ligase 2) as an FBXL5interacting protein. Depletion of endogenous HERC2 by RNAi stabilized FBXL5 and thereby increased its abundance, resulting in dysregulation of its downstream targets. Our results indicate that HERC2 regulates the basal turnover of FBXL5 and thereby modulates iron metabolism.
EXPERIMENTAL PROCEDURES
Plasmids-Complementary DNAs encoding WT or mutant forms of human FBXL5; mouse SKP2, FBXW5, or FBXW7␣; or fragments of human HERC2, each with an NH 2 -terminal FLAG tag, were subcloned into pcDNA3 (Invitrogen). A cDNA encoding human ubiquitin, tagged at its NH 2 terminus with the HA epitope, was subcloned into pCGN (16) .
Antibodies-Antibodies to FBXL5 (N0036) were obtained from NeoClone Biotechnology International, HERC2 (ab85832) were from Abcam, IRP1 (sc-14216) and IRP2 (sc-33682) were from Santa Cruz Biotechnology, transferrin receptor 1 (13-6800) from Invitrogen, SKP1 (610530) and HSP90 (610419) were from BD Biosciences, CUL1 (71-8700) was from Zymed Laboratories Inc., and the FLAG epitope (M2) was from Sigma.
Cell Culture and Transfection-HEK293T cells and HeLa cells were cultured under an atmosphere of 5% CO 2 at 37°C in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 1 mM sodium pyruvate, penicillin (100 units/ml), streptomycin (100 mg/ml), 2 mM L-glutamine, and nonessential amino acids (10 l/ml; Invitrogen). Transfection was performed with the FuGENE HD reagent (Roche Applied Science). The empty pcDNA3 plasmid was included to ensure that cells were transfected with equal amounts of total DNA.
Preparation of Lentiviral Vectors-Lentiviral vectors were prepared as described (17) . Gene silencing by RNAi was performed with the lentivirus-based shRNA expression vector CSII-U6tet (18) . The shRNA-encoding DNA oligonucleotide inserts were generated with the use of the Insert Design Tool for pSilencer vectors (Applied Biosystems). The target sequences were 5Ј-GGCCTTGCCTCCAGAAACA-3Ј (HERC2-1) and 5Ј-GGAAAGCACTGGATTCGTT-3Ј (HERC2-2) for HERC2 and 5Ј-GCATACAGCTCTGCAGTTTCC-3Ј for FBXL5. An shRNA specific for LacZ (5Ј-AAGGCCAGACGCGAATTAT-3Ј), which did not match any existing sequence in the human database, was used as a control.
Tetracycline-inducible shRNA Expression System-HEK293T and HeLa cells were infected with a lentivirus encoding TetR (CSII-EF-TetR-IRES-puro) (18) for 2 days. The cells were then incubated with puromycin (5 g/ml) for selection and amplification of puromycin-resistant cells. The TetR-expressing cells were then infected with lentiviruses encoding shRNAs. For induction of shRNA expression, the cells were incubated with doxycycline (1 g/ml) for the indicated times, with replenishment of the drug after 48 h.
Immunoprecipitation and Immunoblot Analysis-HEK293T cells expressing FLAG-tagged proteins were lysed with a buffer comprising 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, aprotinin (10 g/ml), leupeptin (10 g/ml), 1 mM PMSF, 400 M Na 3 VO 4 , 400 M EDTA, 10 mM NaF, and 10 mM sodium pyrophosphate. The lysates were centrifuged at 20,000 ϫ g for 10 min at 4°C to remove debris, and the resulting supernatants were adjusted with lysis buffer to achieve a protein concentration of 3 mg/ml. The supernatants were then incubated for 30 min at 4°C with agarose beads conjugated with M2 antibodies to FLAG (Sigma). The resulting immunoprecipitates were washed three times with ice-cold lysis buffer, fractionated by SDS-PAGE, and subjected to immunoblot analysis with primary antibodies and HRP-conjugated secondary antibodies to mouse (Promega), rabbit (Promega), or goat (Santa Cruz Biotechnology) IgG. Immune complexes were detected with an ECL system (Thermo Scientific). For detection of the interaction between endogenous HERC2 and FBXL5, HEK293T cells were incubated for 4 h in the presence of the proteasome inhibitor MG132 (5 M; Peptide Institute) and then subjected to extraction as described above. The resulting supernatants were subjected to immunoprecipitation for 1 h at 4°C with antibodies to HERC2 (or control rabbit IgG) and protein A-Sepharose 4 Fast Flow (GE Healthcare). The immunoprecipitates were washed three times with lysis buffer and then subjected to immunoblot analysis, as described above.
Immunoaffinity Purification and Protein Identification by LC-MS/MS Analysis-A cDNA for FLAG-tagged FBXL5 was subcloned into pMX-puro-CMV (19) . The resulting vector was introduced together with pCL-Ampho (Imgenex) into HEK293T cells with the use of FuGENE 6 (Promega). The recombinant retroviruses thereby generated were used to infect HEK293T cells, which were then subjected to selection in medium containing puromycin (5 g/ml). The resulting cells (1 ϫ 10 8 ) stably expressing FLAG-FBXL5 were incubated for 6 h in the presence of MG132 (10 M) and then lysed in 8 ml of a lysis buffer containing 20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% digitonin, 10 mM NaF, 10 mM Na 4 P 2 O 7 , 0.4 mM Na 3 VO 4 , 0.4 mM EDTA, leupeptin (20 g/ml), aprotinin (10 g/ml), and 1 mM PMSF. The lysate was centrifuged at 20,000 ϫ g for 20 min at 4°C to remove debris, and the resulting supernatant was adjusted with lysis buffer to achieve a protein concentration of 3 mg/ml before incubation for 50 min at 4°C with agarose beads conjugated with M2 antibodies to FLAG (Sigma). The beads were then washed three times with 4 ml of a solution containing 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, and 0.1% Triton X-100, after which bead-bound proteins were eluted with 400 l of FLAG peptide solution (500 g/ml; Sigma), precipitated with ice-cold 20% TCA, and washed with acetone. The concentrated proteins were dissolved in SDS sample buffer, fractionated by SDS-PAGE on a 10.5% gel, and stained with silver. Individual lanes of the stained gel were sliced into 18 pieces, and proteins within these pieces were subjected to in-gel digestion with trypsin. The resulting peptides were subjected to LC-MS/MS analysis with an ion-trap mass spectrometer (LTQ-XL, Thermo Finnigan), and the obtained data sets were analyzed on the basis of spectral counting as described previously (19) .
RT and Real-time PCR Analysis-Total RNA (1 g) isolated from cells with the use of Isogen (Nippon Gene) was subjected to RT and real-time PCR analysis with primers (forward and reverse, respectively) specific for human FBXL5 (5Ј-GCCTAT-GGAATCATGCTGAAGAGC-3Ј and 5Ј-GCATTACCTCAG-GAGGAAGATGGG-3Ј) and human GAPDH (5Ј-GCAAAT-TCCATGGCACCGT-3Ј and 5Ј-TCGCCCCACTTGATTT-TGG-3Ј), as described previously (20) . The amount of FBXL5 mRNA was normalized by the corresponding amount of GAPDH mRNA.
Determination of Ferrous Iron-The concentration of Fe 2ϩ was determined with the phenanthroline method as described previously (21) , with slight modifications. In brief, shRNA-expressing HEK293T cells (1 ϫ 10 8 ) were harvested with trypsin, washed five times with 1 ml of PBS (Invitrogen), and subjected to ultrasonic treatment in 500 l of a solution (pH 4.6) containing 500 M 1,10-phenanthroline (Sigma) and 100 mM sodium acetate (Sigma). The samples were then centrifuged at 100,000 ϫ g for 30 min at 4°C, and the absorbance of the resulting supernatants was measured immediately at 510 nm for the spectrophotometric detection of Fe 2ϩ . A certified iron standard (FeSO 4 ; Sigma) was used to determine Fe 2ϩ levels. A standard curve for Fe 2ϩ concentrations between 0.2 and 2 g/ml revealed a linearity of response with a slope of ϳ1. Samples were diluted appropriately to fall within the linear range. Cellular Fe 2ϩ content was expressed as a percentage for control cells.
RESULTS

FBXL5 Undergoes Proteasomal Degradation in a Manner
Independent of Its Hemerythrin-like Domain-To explore the mechanisms by which the cellular abundance of FBXL5 is controlled, we examined the stability of FBXL5 at steady state in HEK293T cells cultured in the presence of the protein synthesis inhibitor cycloheximide and in the absence or presence of the proteasome inhibitor MG132. FBXL5 was rapidly degraded, with a half-life of Ͻ1 h, in the absence of MG132, whereas this rapid turnover was almost completely blocked by the proteasome inhibitor (Fig. 1A) . These results suggested that FBXL5 is constitutively degraded and that this basal degradation is dependent largely on the proteasome.
Consistent with previous observations suggesting that FBXL5 is targeted for proteasomal degradation in an iron-dependent manner (14) , we found that the level of FBXL5 was greatly diminished when iron was limiting and markedly increased under iron-replete conditions ( Fig. 1B) . A fragment of FBXL5 comprising residues 1-161 also showed similar irondependent changes in stability, whereas an FBXL5 mutant lacking this region did not (Fig. 1C ), suggesting that a regulatory element that renders FBXL5 stability sensitive to iron resides within its hemerythrin-like domain (amino acids 1-161). To investigate the requirement for the hemerythrin-like domain in the basal degradation of FBXL5, we measured the stability of the FBXL5(⌬1-161) mutant in HEK293T cells cultured in the presence of cycloheximide and in the absence or presence of MG132. As with the WT protein, FBXL5(⌬1-161) was rapidly degraded, with a half-life of Ͻ1 h, in the absence of MG132, whereas this rapid turnover was markedly attenuated by the proteasome inhibitor ( Fig. 1D ). These results suggested that an FBXL5 mutant that lacks the hemerythrin-like domain still undergoes proteasome-dependent degradation at the steady state, and that this domain is therefore dispensable for the basal degradation of FBXL5.
Identification of HERC2 as an FBXL5-associated Protein by a Proteomics Approach-To elucidate the mechanism underlying the basal turnover of FBXL5, we adopted a proteomics approach to identify molecules that associate with this protein.
Lysates of HEK293T cells stably infected with a retroviral expression vector for FLAG epitope-tagged FBXL5 were subjected to immunoprecipitation with antibodies to FLAG, and the resulting immunoprecipitated proteins were eluted from the antibody-coated beads with the FLAG peptide and subjected to SDS-PAGE followed by silver staining ( Fig. 2A ). LC-MS/MS analysis of peptides derived from the fractionated proteins identified CUL1 and SKP1 (both of which are components of the SCF FBXL5 E3 complex) as well as IRP1 and IRP2, both of which were previously identified as substrates for FBXL5 ( Fig.  2B) (8, 9) . These results thus validated our approach and revealed its high reproducibility. Among the other identified FBXL5-interacting proteins, we focused on HERC2, given that it possesses a COOH-terminal HECT domain, a hallmark of a subfamily of E3 ligases (22) .
To confirm the interaction between FBXL5 and HERC2 in mammalian cells, we transfected HEK293T cells with expression vectors for FLAG-tagged F-box proteins including SKP2, FBXL5, FBXW5, and FBXW7␣ and subjected cell lysates to immunoprecipitation with antibodies to FLAG. Immunoblot analysis of the resulting precipitates with antibodies to HERC2 revealed that endogenous HERC2 interacted with FLAG-FBXL5, but not with FLAG-SKP2, FLAG-FBXW5, or FLAG-FBXW7␣ ( Fig. 2C ). To determine whether formation of an SCF complex by FBXL5 is required for its association with HERC2, we replaced two amino acids (Pro 209 and Glu 211 ) in the F-box domain of FBXL5 that are essential for its binding to CUL1 with alanine (19) . This FBXL5(PE/AA) mutant failed to bind endogenous CUL1 but retained the ability to associate with endogenous HERC2 (Fig. 2C) . These results thus suggested that FLAG-FBXL5 interacts specifically with endogenous HERC2 in a manner independent of SCF complex formation.
We also performed similar experiments to detect the interaction between endogenous proteins. Immunoprecipitates prepared from HEK293T cell extracts with antibodies to HERC2 were subjected to immunoblot analysis with antibodies to FBXL5. Endogenous FBXL5 was co-immunoprecipitated with endogenous HERC2 (Fig. 2D ), suggesting that HERC2 interacts with FBXL5 under physiological conditions. Molecular Dissection of the HERC2-FBXL5 Interaction-We next investigated which region of FBXL5 is required for binding to HERC2 by generating a series of FLAG-tagged deletion mutants of FBXL5 ( Fig. 3A ) and examining their ability to associate with endogenous HERC2 with a co-immunoprecipitation assay in HEK293T cells. Whereas full-length FBXL5 and all three mutants that contained amino acids 257-297 interacted with HERC2, all the other mutants that lacked this region failed to do so (Fig. 3, B and C) , suggesting that residues 257-297 are required for the interaction of FBXL5 with HERC2. Given that this region of FBXL5 is adjacent to the F-box domain, we examined the association of FBXL5(⌬257-297) with CUL1 and SKP1. This mutant retained the ability to interact with both CUL1 and SKP1 (Fig. 3C ). On the other hand, an FBXL5 mutant lacking the F-box domain (⌬195-256) was found to bind to HERC2 but not to CUL1 or SKP1. Furthermore, full-length FBXL5 was found to associate with both CUL1-SKP1 and HERC2, con- A, HEK293T cells incubated with cycloheximide (100 g/ml) for the indicated times in the absence or presence of the proteasome inhibitor MG132 (10 M) were subjected to immunoblot (IB) analysis with antibodies to FBXL5 and HSP90 (loading control). The percentage of FBXL5 remaining after the various incubation times was quantitated by image analysis. B, HEK293T cells incubated for 16 h in the absence or presence of ferric ammonium citrate (FAC; 100 g/ml) or the ferric-iron chelator desferrioxamine (DFO; 100 M) were subjected to immunoblot analysis with antibodies to FBXL5 and HSP90. C, HEK293T cells transfected with expression vectors for FLAG-FBXL5(1-161) or FLAG-FBXL5(⌬1-161) were incubated for 6 h in the absence or presence of FAC (100 g/ml) or DFO (100 M) and then subjected to immunoblot analysis with antibodies to FLAG and to HSP90. D, HEK293T cells transfected with an expression vector for FLAG-FBXL5(⌬1-161) were exposed to cycloheximide (100 g/ml) for the indicated times in the absence or presence of MG132 (10 M) and then subjected to immunoblot analysis with antibodies to FLAG and HSP90. The percentage of FLAG-FBXL5(⌬1-161) remaining after the various incubation times was quantitated by image analysis. JUNE 6, 2014 • VOLUME 289 • NUMBER 23
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JOURNAL OF BIOLOGICAL CHEMISTRY 16433 sistent with our observation that FBXL5 interacts with HERC2 in a manner independent of the SCF complex formation. We also determined the region of HERC2 required for binding to FBXL5. Various fragments of HERC2 fused with the FLAG epitope were tested for the ability to interact with endogenous FBXL5 with a co-immunoprecipitation assay in HEK293T cells (Fig. 4) . Whereas both fragments that contained amino acids 2930 -3327 (a region that includes the RCC1-2 domain) interacted with FBXL5, all the other mutants that lacked this region failed to do so, suggesting that residues 2930 -3327 are sufficient for the interaction of HERC2 with FBXL5. Our observations thus indicated that a region of HERC2 that includes the RCC1-2 domain (amino acids 2930 -3327) interacts with a region adjacent to the F-box domain of FBXL5 (amino acids 257-297).
HERC2 Mediates Ubiquitin-dependent Degradation of FBXL5-Given that HERC2 contains a HECT domain, a hallmark of a subfamily of E3 ubiquitin ligases, we hypothesized that interaction of HERC2 with FBXL5 results in the ubiquitindependent proteolysis of the latter protein. To test this possibility, we first transfected HEK293T cells with various amounts of an expression vector for the FBXL5 binding domain of HERC2 (amino acids 2930 -3327), which would be expected to inhibit the interaction between endogenous HERC2 and FBXL5. Immunoblot analysis with antibodies to FBXL5 revealed that expression of FLAG-HERC2(2930 -3327) in HEK293T cells increased the abundance of endogenous FBXL5 in a concentration-dependent manner (Fig. 5A) . We next measured the stability of an FBXL5 mutant that lacks the HERC2 binding domain (amino acids 257-297). Cycloheximide chase . Identification of HERC2 as a protein that interacts with FBXL5. A, HEK293T cells stably expressing FLAG-tagged FBXL5 were incubated for 6 h in the presence of MG132 (10 M) and then subjected to immunoaffinity purification with agarose-conjugated antibodies to FLAG. The purified proteins were fractionated by SDS-PAGE and stained with silver. The positions of bands corresponding to various purified proteins are indicated. B, the proteins found to interact with FLAG-FBXL5 in A were identified by LC-MS/MS analysis. For clarity, only HERC2 and previously identified FBXL5-interacting proteins are listed. The peptide count as well as the percentage sequence coverage for each protein are also shown. C, HEK293T cells transfected (or not) with expression vectors for FLAG-SKP2, FLAG-tagged WT, or mutant (PE/AA) forms of FBXL5, FLAG-FBXW5, or FLAG-FBXW7␣ were subjected to immunoprecipitation (IP) with antibodies to FLAG, and the resulting precipitates as well as a portion of the original cell lysates (Input) were subjected to immunoblot (IB) analysis with antibodies to the indicated proteins. D, HEK293T cells were incubated for 4 h in the presence of MG132 (5 M) and then subjected to immunoprecipitation with antibodies to HERC2 (or with normal control IgG), and the resulting precipitates as well as a portion of the original cell lysates (Input) were subjected to immunoblot analysis with antibodies to FBXL5 and HERC2. The asterisk indicates a nonspecific band. . Delineation of the region of FBXL5 responsible for the interaction with HERC2. A, domain organization of full-length (FL) human FBXL5 and structure of deletion mutants thereof. A summary of the ability of the mutants to bind HERC2 as determined in B and C is shown on the right. B and C, HEK293T cells transfected (or not) with expression vectors for FLAG-tagged full-length or mutant forms of FBXL5 were subjected to immunoprecipitation with antibodies to FLAG, and the resulting precipitates as well as a portion of the original cell lysates were subjected to immunoblot (IB) analysis with antibodies to the indicated proteins.
analysis revealed that half-life of the FBXL5(⌬257-297) mutant in HEK293T cells was substantially longer than that of the WT protein (Fig. 5B) . These results suggested that HERC2 binding destabilizes FBXL5 at the steady state. To investigate further the mechanism of basal FBXL5 degradation, we measured the stability of the FBXL5(PE/AA) mutant (which does not assemble into an SCF complex), given that the F-box subunits of SCF E3 complexes are often subjected to autoubiquitylation and degradation (23) . The half-life of FBXL5(PE/AA) did not differ from that of WT FBXL5 (Fig. 5B ), suggesting that the basal turnover of FBXL5 is regulated in a manner independent of its assembly into an SCF complex. Collectively, our observations suggested that the stability of FBXL5 is regulated by HERC2, but not through autoubiquitylation resulting from formation of the SCF FBXL5 complex.
To confirm that HERC2 indeed regulates the stability of FBXL5, we examined the effect of shRNA-mediated depletion of endogenous HERC2 on the steady state level of endogenous FBXL5. Depletion of HERC2 in HEK293T cells resulted in the accumulation of FBXL5 in proportion to the extent of depletion (Fig. 6A) , without a corresponding effect on the amount of FBXL5 mRNA (Fig. 6B) . These results suggested that endogenous HERC2 regulates the abundance of FBXL5 at a posttranscriptional level.
For reproducible expression of shRNA, we took advantage of HEK293T cells in which a tetracycline-inducible construct encoding HERC2 shRNA was stably integrated. Immunoblot analysis revealed a substantial decrease in the abundance of HERC2 in such cells as early as 48 h after the onset of doxycycline treatment (Fig. 6C ). We therefore cultured these cells with doxycycline for 48 h to deplete HERC2 and then subjected the cells to cycloheximide chase analysis to measure the stability of FBXL5 (Fig. 6D) . The half-life of FBXL5 was markedly increased in cells depleted of HERC2 compared with that in control cells. Furthermore, to evaluate the effect of HERC2 depletion on the ubiquitylation of FBXL5, we transfected HERC2-depleted HEK293T cells with expression vectors for HA-tagged ubiquitin and FLAG-tagged WT or mutant (PE/ AA) forms of FBXL5 and then subjected lysates of the transfected cells to immunoprecipitation with antibodies to FLAG. Immunoblot analysis of the resulting precipitates revealed that depletion of endogenous HERC2 resulted in a marked decrease in the ubiquitylation levels of both FLAG-FBXL5(WT) and FLAG-FBXL5(PE/AA) (Fig. 6E) . The extent of ubiquitylation of FLAG-FBXL5(PE/AA) did not differ from that of FLAG-FBXL5(WT) in control cells, suggesting that basal ubiquitylation of FBXL5 is mediated in a manner independent of its assembly into an SCF complex, again arguing against an autoubiquitylation model for control of basal FBXL5 degradation. Collectively, our observations suggested that HERC2 serves as an E3 ligase for FBXL5 and promotes its basal turnover.
We also examined the stability of FBXL5 in the absence or presence of HERC2 in HeLa cells. As observed with HEK293T cells, the half-life of FBXL5 was markedly greater in HERC2depleted HeLa cells than in the corresponding control cells (Fig.  6F ), suggesting that the role of HERC2 in regulation of the basal turnover of FBXL5 is not specific to one cell line.
HERC2 Modulates Iron Metabolism by Regulating the Basal Turnover of FBXL5-Given that HERC2 was shown to serve as an E3 ligase for FBXL5 at the steady state, we next examined whether HERC2 also mediates iron-dependent changes in FBXL5 stability. We cultured control or HERC2-depleted HEK293T cells under iron-replete conditions and then subjected them to iron limitation for various times before immunoblot analysis (Fig. 7A) . Although HERC2 depletion resulted in a marked increase in the abundance of FBXL5 before iron chelation, the subsequent rate of degradation of FBXL5 in cells depleted of HERC2 was almost identical to that in control cells, suggesting that HERC2 is dispensable for iron-dependent changes in the stability of FBXL5. Our observations thus indi- A, domain organization of human HERC2 and structure of deletion mutants thereof. A summary of the ability of the mutants to bind FBXL5 as determined in B and C is shown on the right. B and C, HEK293T cells transfected (or not) with expression vectors for FLAG-tagged mutants of HERC2 were subjected to immunoprecipitation with antibodies to FLAG, and the resulting precipitates as well as a portion of the original cell lysates were subjected to immunoblot (IB) analysis with antibodies to the indicated proteins.
cated that HERC2 regulates the basal turnover of FBXL5 rather than its iron-dependent degradation.
To evaluate the role of HERC2 in regulation of intracellular iron homeostasis, we examined the effects of HERC2 depletion on the expression of proteins related to such homeostasis (Fig.  7B ). For both HEK293T and HeLa cells, the increase in the abundance of FBXL5 in cells depleted of HERC2 was associated with a decrease in the amounts of IRP1 and IRP2, which in turn was accompanied by a small but reproducible decrease in the abundance of transferrin receptor 1, the mRNA that is stabilized by IRP1/2 binding (24) . On the other hand, the response of these various iron homeostasis-related proteins to changes in iron availability was maintained in the HERC2-depleted cells (Fig. 7C) , consistent with the finding that HERC2 is dispensable for iron-dependent degradation of FBXL5. Furthermore, the additional depletion of FBXL5 greatly attenuated the effects of HERC2 depletion (Fig. 7C ), suggesting that the latter effects are mediated by up-regulation of FBXL5 expression. Our results thus indicated that the accumulation of FBXL5 in HERC2-depleted HEK293T and HeLa cells results in dysregulation of the expression of proteins related to iron homeostasis.
Finally, we examined how such FBXL5 accumulation resulting from HERC2 depletion affects cellular iron homeostasis. The level of ferrous iron (Fe 2ϩ ) in HERC2-depleted HEK293T cells was significantly lower than that in control cells ( Fig. 7D ), suggesting that accumulated FBXL5 prevented Fe 2ϩ loading, likely as a result of reduced IRP1/2 expression, in the former cells. We confirmed that additional depletion of FBXL5 greatly attenuated this effect of HERC2 depletion, suggesting that the effect is indeed mediated by up-regulation of FBXL5 expression ( Fig. 7D) . Collectively, our observations thus indicated that HERC2 modulates iron metabolism by regulating the amount of FBXL5.
DISCUSSION
Iron homeostasis in mammals is strictly controlled to ensure provision of a proper amount of iron to cells. Regulation of IRP1/2 stability by the ubiquitin-proteasome pathway is critical for cells to maintain an appropriate ferrous iron (Fe 2ϩ ) content, and thereby to avoid deleterious iron deficiency and prevent iron excess (25) . FBXL5 plays a pivotal role in the control of iron metabolism by promoting the ubiquitin-dependent degradation of IRP1/2 under iron-replete conditions (13) . Furthermore, a decline in cellular iron availability and consequent loss of direct iron binding to the hemerythrin-like domain of FBXL5 results in the ubiquitylation of FBXL5 itself by an as yet unknown E3 followed by its degradation (8, 9) . Recent molecular approaches have provided insight into the iron-dependent regulation of FBXL5 stability. The hemerythrin-like domain at the NH 2 terminus of FBXL5 is essential and sufficient for iron sensitivity of stability (14) . Mutation of the iron-ligating residues in this domain results in constitutive destabilization of FBXL5, suggesting that iron binding is essential for protein stabilization. Moreover, residues 77-81 within the hemerythrin-like domain appear to constitute part of a degron responsible for iron-dependent degradation of FBXL5 (15) . These observations thus suggest a model in which the hemerythrin-like domain acts as an iron-binding switch that regulates accessibility of the degron to an as yet unknown E3.
We now propose an additional mechanism for ubiquitin-dependent regulation of FBXL5 stability, providing further evidence for the prominent role of the ubiquitin-proteasome sys- . Depletion of endogenous HERC2 stabilizes FBXL5. A, HEK293T cells infected (or not) with lentiviral vectors encoding shRNAs specific for LacZ (control) or HERC2 (HERC2-1 or HERC2-2) for 48 h were subjected to immunoblot analysis with antibodies to the indicated proteins. B, total RNA extracted from cells infected as in A was subjected to RT and real-time PCR analysis of FBXL5 mRNA. Data are mean Ϯ S.D. of triplicates from a representative experiment. C, tetracycline repressor (TetR)-expressing HEK293T cells were infected with lentiviral vectors encoding shRNAs specific for LacZ (control) or HERC2, incubated with doxycycline (1 g/ml) for the indicated times, and then subjected to immunoblot (IB) analysis with antibodies to the indicated proteins. D, HEK293T cells infected as in C were incubated with doxycycline for 48 h and then exposed to cycloheximide (100 g/ml) for the indicated times before immunoblot analysis with antibodies to the indicated proteins. The percentage of FBXL5 remaining after the various incubation times was quantitated by image analysis. E, HEK293T cells infected and treated with doxycycline as in D were transfected with expression vectors for HA-ubiquitin and for either FLAG-FBXL5(WT) or FLAG-FBXL5(PE/ AA). The cells were then incubated for 4 h in the presence of MG132 (10 M) prior to immunoprecipitation with antibodies to FLAG. The resulting precipitates were subjected to immunoblot analysis with antibodies to the indicated proteins. The positions of bands corresponding to polyubiquitylated ((Ub) n ) forms of FLAG-FBXL5 proteins are indicated. F, TetR-expressing HeLa cells were infected with lentiviral vectors encoding shRNAs specific for LacZ (control) or HERC2, incubated with doxycycline for 48 h, and then exposed to cycloheximide for the indicated times before immunoblot analysis with antibodies to the indicated proteins. The percentage of FBXL5 remaining after the various incubation times was quantitated by image analysis.
tem in the control of iron homeostasis. We have shown that FBXL5 is constitutively degraded at the steady state in a manner independent of its hemerythrin-like domain. Our biochemical results suggest that the large HECT-type ubiquitin ligase HERC2 is responsible for the basal degradation of FBXL5. HERC2 interacts with a region of FBXL5 immediately downstream of the F-box domain, and it regulates the basal turnover of FBXL5 rather than its iron-dependent degradation. Our findings further indicate that HERC2 sets the steady state level of FBXL5 and thereby modulates iron metabolism. The human HERC2 gene comprises 93 exons and encodes a 4834-amino acid protein with a predicted molecular size of 528 kDa (26) . It is a highly mutable gene located at a deletion breakpoint hot spot on human chromosome 15q11-q13 (27) . A homozygous missense mutation of HERC2 is associated with a global developmental delay and autism spectrum disorder (28) . . HERC2 controls iron metabolism by regulating the basal degradation of FBXL5. A, TetR-expressing HEK293T cells were infected with lentiviral vectors encoding LacZ (control) or HERC2 shRNAs, treated with doxycycline (1 g/ml) for 48 h, incubated with ferric ammonium citrate (FAC) (100 g/ml) for 16 h, and then exposed to desferrioxamine (DFO) (100 M) for the indicated times before immunoblot (IB) analysis with antibodies to the indicated proteins. The percentage of FBXL5 remaining after the various incubation times was quantitated by image analysis. B, TetR-expressing HEK293T or HeLa cells infected with lentiviral vectors encoding LacZ (control) or HERC2 shRNAs were treated with doxycycline for 48 h and then subjected to immunoblot analysis with antibodies to the indicated proteins. C, TetR-expressing HEK293T cells infected with lentiviral vectors encoding LacZ (control), HERC2, or FBXL5 shRNAs, as indicated, were treated with doxycycline for 48 h, incubated in the absence or presence of FAC (100 g/ml) or DFO (100 M) for an additional 12 h, and then subjected to immunoblot analysis with antibodies to the indicated proteins. D, ferrous iron content of HEK293T cells infected and treated with doxycycline as in C. Data are mean Ϯ S.D. from three independent experiments. ***, p Ͻ 0.005 (two-tailed Student's t test).
Although the function of HERC2 had long remained unknown, the protein was recently shown to contribute to the response of cells to DNA damage. HERC2 is thus recruited to sites of DNA double strand breaks and facilitates assembly of the ubiquitinconjugating enzyme UBC13 with RNF8 (RING finger protein 8), thereby promoting ubiquitin-dependent retention of repair factors (29) . HERC2 also shuttles between the nucleus and the cytoplasm, acting as an E3 ubiquitin ligase that targets xeroderma pigmentosum A in the circadian control of nucleotide excision repair (30) as well as BRCA1 (breast cancer 1) in control of the cell cycle (31) . These observations suggest that HERC2 might regulate multiple aspects of the DNA damage response by contributing to the ubiquitylation and degradation of key protein participants (32) . DNA repair proteins commonly require iron as a cofactor (33) , with this requirement likely endowing iron with protective effects against DNA damage (34) . We have now uncovered a function of HERC2 that relates to iron metabolism. Cells exposed to DNA damage might require iron to facilitate the production of DNA repair proteins. In this regard, it is of interest that HERC2 also sets the cellular iron concentration by regulating the abundance of FBXL5.
Collectively, our observations suggest the existence of at least two distinct pathways for the ubiquitin-dependent regulation of FBXL5 stability, with these two pathways being responsible for the basal degradation and the iron-dependent degradation of the protein. These pathways might contribute differentially to FBXL5 degradation in a context-dependent manner. Further molecular analysis of the regulation of FBXL5, including identification of the as yet unknown E3 for the iron-dependent degradation pathway, should provide new insight into the control of iron metabolism mediated by ubiquitin-dependent proteolysis.
